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Maize chlorotic mottle virus (MCMV) is the only member of the Machlomovirus genus in the family 
Tombusviridae. Here, we obtained the Cryo-EM structure of MCMV by single particle analysis with most 
local resolution at approximately 4A. The Ca backbone was built based on residues with bulky side 
chains. The resolved C-terminus of the capsid protein subunit and obvious openings at the 2-fold axis 
demonstrated the compactness of the asymmetric unit, which indicates an important role in the stability 
of MCMV. The Asp116 residue from each subunit around the 5-fold and 3-fold axes contributed to the 
negative charges in the centers of the pentamers and hexamers, which might serve as a solid barrier 
against the leakage of genomic RNA. Finally, the loops most exposed on the surface were analyzed and 
are proposed to be potential functional sites related to MCMV transmission. 


© 2015 Elsevier Inc. All rights reserved. 


Introduction 


Maize chlorotic mottle virus (MCMV) is an exclusive pathogen of 
maize, which produces symptoms, typically including mild mosaic, 
severe stunting and leaf necrosis (Castillo and Hebert, 1974; 
Uyemoto et al., 1981). It was first reported in Peru in 1974 
(Castillo and Hebert, 1974) and was then found in the United 
States and Mexico (Niblett and Clafin, 1978; Carrera-Martinez et al, 
1989). In 2011, MCMV was detected in China and was shown to 
have a high sequence similarity with the virus previously reported 
(Nutter et al., 1989; Xie et al., 2011). MCMV is a high level of 
concern since the outbreak of the corn lethal necrosis (CLN) in 
Kansas (Uyemoto et al., 1980), which resulted in serious yield 
losses in maize. The following studies further demonstrate that the 
CLN disease results from the synergistic infection of the MCMV 
with other plant viruses in maize (Uyemoto et al., 1981; Stenger 
et al., 2007). Under experimental conditions, MCMV is found to be 
transmitted by six chrysomelid beetles (Chrysomela populi) (Nault 
et al., 1978), while recent reports suggest that MCMV can also be 
transmitted by corn thrips (Frankliniella williamsi ) (Cabanas et al., 
2013) and flower thrips (Frankliniella occidentalis) (Zhao et al., 
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2014). Nowadays, MCMV is widespread (Xie et al., 2011; Cabanas 
et al., 2013; Lukanda et al., 2014; Wang et al., 2014a; Zhao et al., 
2014). However, the determinants of the MCMV transmission by 
these insect vectors have not been found yet. 

The icosahedral virion of MCMV is composed of 180 copies of 
chemically identical capsid protein approximately 38 kD in size, 
and one copy of genomic RNA with a length of 4.4 kb (King et al., 
2011). Despite of the similarity of MCMV with some members of 
the Carmovirus genus, the MCMV capsid protein shows less 
identity with the viruses in the Carmovirus genus and thus is 
grouped into a new genus, Machlomovirus in the family Tombus- 
viridae (King et al., 2011). Based on structures registered in the PDB 
(protein data bank), viruses in the family Tombusviridae can be 
divided into two groups: one group is characterized by obvious 
protrusions on the surface while the other has a rather smooth 
surface. The first group includes Tomato bushy stunt virus (TBSV) 
(Olson et al., 1983), Carnation mottle virus (CarMV) (Morgunova 
et al., 1994), Turnip crinkle virus (TCV) (Hogle et al., 1986), Melon 
necrotic spot virus (MNSV) (Wada et al., 2008) and Cucumber 
necrosis virus (CNV) (Li et al., 2013). The second group is repre- 
sented by Panicum mosaic virus (PMV) (Makino et al., 2013) and 
Tobacco necrosis virus A (TNV-A) (Oda et al., 2000). The common 
feature of these viruses is that all of the subunits possess the 
canonical jellyroll fold, which is composed with eight anti- 
paralleled B-sheets defined as a B-barrel structure (Stirk et al., 
1992). For the viruses in the first group, the subunit is composed of 
two B—barrel structures: one contributes to the surface domain 


172 C.-Y. Wang et al. / Virology 485 (2015) 171-178 


and the other to the protruding domain (Olson e 183; Hogle 


). For the viruses in the second group, the subunit is 
composed of only one -barrel structure that contributes to the 
surface domain (Oda et 000; Makino 013). The exposed 
residues on the viral surface most likely are the potential target of 
their transmission vectors (Liu et al., 2002; Andret-Link and Fuchs, 
2005; Schellenberger et al., 2010). Thus, it is of great significance 
to understand the surface features prior to initiating an investiga- 
tion into MCMV transmission by the insect vector. 

Here, we present the three-dimensional structure of MCMV by 
cryo-electron microscopy (Cryo-EM) single particle analysis and 
reveal the features located on the surface of the virus. Our results 
will provide an important structural basis for further studies on 
MCMV transmission. 


Results and discussion 
Cryo-EM structure of MCMV 


Approximately 53, 600 particles in total were selected from more 
than 1000 Cryo-EM micrographs with the best qualities for recon- 
struction (Fig. 1A, B and Fig. S1). The density map of the final 
reconstruction demonstrated that MCMV is a typical icosahedral 
virus with a diameter of~30 nm (Fig. 1C and D), similar to other 
members of the family Tombusviridae [PMV (PDB ID: 4FY1)( 

e 2013) and TNV (PDB ID: 1C8N) (Oda et al., 2000)]. No obvious 
protruding domain was found on the surface of MCMV. Instead, 
obvious slits were observed at the 2-fold axis from the surface view 
of the reconstructions (Fig. 1C). Based on the resolution of the density 
map, the subunits composing pentamers and hexamers showed 
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Fig. 1. Cryo-EM image and reconstruction of MCMV. (A) A two-dimensional Cryo-EM image of the MCMV particles shows that the purity and integrity of the particles are in 
good quality, (B) the power spectrum of the Cryo-EM image reveals that the image has no astigmatism, drift and vibration, (C) surface view of the reconstruction shows that 
MCMV has rather smooth surface, (D) inside view of the reconstruction demonstrates the separated p-sheets composing the surface domain of MCMV. The density map is 
colored by radius, and the locations of the 2-fold axis, 3-fold axis and 5-fold axis are indicated. The color key ranges from 115 A to 165 A, with the colors varying from red 


to blue. 
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similar structural features both in their inner surface and outer 
surfaces, further demonstrating the quasi-equivalence among the 
three subunits within one asymmetric unit (Fig. 1C and D). Due to 
the methodological limitation, most density from the genomic RNA, 
which lacks icosahedral symmetry, could not be resolved (Fig. S2). 


Resolution assessment 


The resolution of the final density map was estimated to be 
3.6 A as assessed by the gold standard of the 0.143FSC criterion 
(Scheres and Chen, 2012) (Fig. 2A). To further validate the resolu- 
tion of our density map, the phases of all of the particles were 
randomized beyond 10A and the reconstruction was repeated 
(Wang et al., 2014b). This treatment was applied to two indepen- 
dent data sets and the FSC was computed, which showed that a 
sharp drop-off was observed at 10 A, indicating that there was no 
obvious model bias (Fig. 2A). The ‘True FSC’ was computed from 
the FSC of the original data set and the FSC of the randomized 
phase data set (Chen et al., 2013) and was almost identical to the 
gold-standard FSC curve (Fig. 2A). The local resolution of the 
density map was calculated from the unsharpened density maps. 
The local resolution of the innermost side of the capsid was better 
than 4 A, while that of the outermost part of the capsid was worse 
than 4A (Fig. 2B), indicating that the surface structural elements 
were more flexible than those inside the capsid. 
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Fig. 2. Resolution estimation and validation. (A) Three FSC curves computed 
between two independent three-dimensional reconstructions generated from 
two independent data sets using different methods. The “True” FSC is shown with 
a blue line and the gold standard FSC is shown with a black line, which is nearly 
identical with the “True FSC”. The two FSC curves validate the resolution of the 
density map at 3.6 A; the FSC phase randomization at 10 A is shown with a black 
dash line and drops sharply from the 10A resolution, (B) surface view and cut- 
through view of the unsharpened Cryo-EM map colored by local resolution as 
evaluated by ResMap. The images demonstrate that most local resolutions of the 
density map inside the capsid are approximately 4 A, while the genomic RNA and 
external surface are at resolutions worse than 4 A. 


Model building and validation 


Multiple sequence alignment showed that the PMV capsid 
protein had approximately 35% sequence similarity with MCMV 
(Fig. 3). Thus, the model of the PMV subunit (PDB ID: 4FYA) was 
chosen as the template for MCMV subunit modeling. The secondary 
elements of the generated comparative model fit well in the density 
of the MCMV, with the exception of the segment between residues 
Tyr130 and Phel68 plus several other loops that need further 
optimization. Optimization started with œ helices, then 6 sheets 
and finally loops based on the features of the secondary elements 
and bulky side chains. Refinement of the model was repeated based 
on the geometry and density fit analysis. Finally, the optimized 
model was validated in a Ramachandran plot (Kleywegt and Jones, 
1996).Correlation of the density map with the model is approxi- 
mately 85% due to the flexibility of the loops and some undeter- 
mined orientations of the side chains. Overall, MCMV shared the 
conserved B-barrel structure with the viruses in the family Tombus- 
viridae, which was composed of anti-paralleled B-sheets. 


Map quality evaluation 


The optimized MCMV model was fitted in the density map to 
analyze the side chain details. Using this approach, the bulky side 
chains could be confidently identified not only in an o-helix but 
also in the B-sheets. One example is a segment of the a-helix 89- 
KWLAAQSQMWN-99 (Fig. 4A) and three segments of the B-sheets 
210-KISYSVSYR-218 (Fig. 4B), 103-FNSVRITW-110 (Fig. 4C) and 46- 
TICSMSE-52 (Fig. 4D) in which the bulky residues Phe, Tyr and Trp 
could be easily discerned and could serve as markers for the Ca 
backbone determination. The resolution of our reconstruction was 
estimated to be 3.6A using the gold standard of the 0.143 FSC 
criterion (Scheres and Chen, 2012). The local resolution of the 
inner most portion is approximately 4A as assessed by Resmap 
(Swint-Kruse and Brown, 2005), consistent with the features 
observed in the density map described above. 


New stabilization factor within the asymmetric unit revealed by the 
C-terminus 


Similar to a typical icosahedral virus with a T=3 lattice, the 
MCMV capsid consisted of 60 identical asymmetric units composed 
of three chemically identical subunits in quasi-equivalent conforma- 
tions (Fig. 5A). The subunits are arranged with five copies of the A 
subunit packed along the five-fold axis and three copies of the 
heterodimeric A and B subunits packed along the three-fold axis. The 
sequence near the C-terminus of the subunit has been less resolved 
in viruses without protruding domains (Oda et al., 2000; Makino 
et al., 2013). Thus, the spatial distribution of the segment near the C- 
terminus is unknown for these viruses. In MCMV, the density of the 
C-terminal sequence was largely resolved and was shown to stretch 
towards the surface of the virus, nearly covering the interfaces of the 
subunits within one asymmetric unit (Fig. 5B). In the viruses with 
protruding domains on the surface, these segments correspond to 
loops linking the surface domain and protrusion domain (Olson et al., 
1983; Hogle et al., 1986; Morgunova et al., 1994; Wada et al., 2008; Li 
et al., 2013). However, the C-terminal sequence covers the interfaces 
of the subunits within one asymmetric unit in MCMV may protect 
the outer interfaces between subunits within one asymmetric unit 
(Fig. 5B). In viruses with protruding domains, stronger interactions 
are found between neighboring protrusions along the 2-fold axis in 
the form of dimers (Olson et al., 1983; Hogle et al., 1986; Morgunova 
et al., 1994; Wada et al., 2008; Li et al., 2013). In MCMV, obvious 
openings at the 2-fold axis were found instead on the surface 
(Fig. 1C). Apparently, interactions within the asymmetric unit in 
these viruses are stronger than the interactions between neighboring 
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Fig. 3. Sequence alignment of MCMV against PMV based on amino acid sequences of the capsid proteins. Residues with similar properties are highlighted in black. The two 


capsids share approximately 35% amino acid sequence similarity. 
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Fig. 4. Side-chain details of the density map superimposed with atomic models. (A) Atomic model of one a-helix composed of residues 89-KWLAAQSQMWN-9 is fitted in the 
density map, (B)-(D) atomic model of three B-sheets composed of the residues 208-QIKISYSVSYR-218, 103-FNSVRITW-110 and 46-TTCSMSE-52 are superimposed in their 
density maps, respectively. The residues with bulky side chains can be discerned confidently, which are exemplified by the residues Phe, Tyr and Trp as indicated by the 


arrows. 


asymmetric units, indicating a potential role for the asymmetric unit 
in the stability of intact icosahedral MCMV particles. 


Potential contribution of the negative charge in the centers of 
pentamers and hexamers to the stabilization of the virions 


Fitting the Cæ backbone into the density map demonstrated that 
the loop composed of residues 112-TFTADTTSGY-121 is located in 
close proximity to the centers of the pentamers and hexamers, with 
Asp116 located in the turn (Fig. 6A and B). Sequence analysis of the 


corresponding loops in five other viruses (TBSV, CarMV, MNSV, TNV 
and PMV) suggested that while both TBSV and CarMV had negatively 
charged residues located in these loops, only the loops in CarMV had 
negative residues located in the turn; these contribute to the 
negative charge in the centers of the pentamers and hexamers 
(Olson et al., 1983; Morgunova et al.,1994; Wada et al., 2008; Oda 
et al., 2000; Makino et al., 2013) (Fig. 6C). Binding of the genomic 
RNA by the capsid protein primarily occurs through the interaction 
between the phosphates of the genomic RNA and the basic amino 
acid residues from the capsid protein (Bink and Pleij, 2002). Thus, the 
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Fig. 5. Visualization of one asymmetric unit. (A) One asymmetric unit of MCMV is colored in three different colors. The A subunit is cornflower blue; B in orange and C in 
green, (B) the same asymmetric unit colored in gray except that the C-termini of the subunits protruding outward towards the surface are colored as indicated by the arrows 
with corresponding colors. The middle density between panel A and panel B demonstrates the location of the asymmetric unit in the icosahedral density map. 


ASP116 


GLU172 


Fig. 6. Visualization of the centers in the pentamer and hexamer composed of five copies of the A subunit and three copies of the BC dimers, respectively. (A) Five loops from 
each A subunit packed along the five-fold axis with the Asp116 residue from the loop 112-TFTADTTSGY-121 located in the turn, (B) six loops from the B subunit and C subunit 
packed along the three-fold axis with the Asp116 residue from the loop 112-TFTADTTSGY-121 located in the turn, (C) corresponding loops in MCMV, TNV, PMV, TBSV, MNSV 
and CarMV located closest to the centers of the pentamers and hexamers show that negative residues are also found in these loops in TBSV and CarMV, except for MCMV, 
which has Glu172 and Glu146 respectively. 


negatively charged residues located around the centers of the Potential functional sites related to the transmission of the MCMV 
pentamers and hexamers are hypothesized to serve as a strong 

barrier against the leakage of the genomic RNA, thereby promoting In addition to acting as the structural component of the viruses, 
the stability of the viral particles. one critical function of the capsid protein is to provide an interaction 
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site for their insect vectors (Andret-Link and Fuchs, 2005). Studies on 
the transmission of Grape fan leaf virus (GFLV) suggest that the 
exposed loop (defined as the BB-BC loop in the GFLV capsid structure) 
is essential for the transmission of GFLV by nematodes (Schellenberger 
et al., 2010). In the case of Cucumber mosaic virus (CMV), disruption of 
the charged amino acid residues in the BH-BI loop was found to be 
related to virus transmissibility (Liu et al., 2002). In MCMV, the most 
exposed residues are primarily from the subunits composing the 
pentamers (Fig. 7A), which are located in the loops 58-SATTAD-63, 
198-PKASATQAV-206 and 76-FPAGTPPRY-83 (Fig. 7B and C). There are 
five major loops in the MCMV subunit: BB-BC loop, B’D-f’E loop, PD- 
BE loop, BF-BG loop, BH-PI loop (Fig. 7D). The structure match of 
TBSV with MCMV showed that all these loops are located in the 
surface domain of the subunit, which determines the viral dimension; 
the exception was the P’D-f’E loop, corresponding to the protruding 
domain in TBSV, which are located on the surface (Fig. 7D). The 
location of BB-BC loop in MCMV corresponds to the loop in GFLV that 
is essential for virus transmission (Schellenberger et al., 2010), while 
the BH-BI loop in MCMV corresponds to the transmission determi- 
nant loop in CMV (Liu et al., 2002).The characteristic of all three loops 
is that they are exposed on the surface of the virus and are accessible 
to the insect vectors. In GFLV, the single site mutation Gly297Asp 


located in the BB-BC loop seems to be sufficient to affect the 
transmission of the virus by nematodes (Schellenberger et al., 2011). 
In terms of virus evolution, mutation in natural environments usually 
results in improved replication or transmission of the virus. Out of the 
large number of MCMV isolates, two isolates have been detected with 
significant variation in these loops: Ala62Asp in the BB-BC loop 
(Accession: AFV60465) (Adams et al., 2013) and Pro81Ser mutation 
located in the B’D-f’E loop (Accession:NP_619722)(Nutter et al., 1989). 
These variations in the exposed loops might be related to the wide- 
spread nature of MCMV; therefore, these exposed loops may be 
associated with MCMV transmission by the insect vectors. However, 
this inference is based on the structure of MCMV and requires 
biological evidence for verification. 


Conclusion 


As the representative member of the genus Machlomovirus in 
the family Tombusviridae, MCMV is the first member of genus 
Machlomovirus to be resolved structurally. The reconstruction 
showed that MCMV shares a great deal of similarity with other 
viruses in the family Tombusviridae. The largely resolved segment 


T 


NX 


Fig. 7. Surface features of MCMV. (A) Surface coloring of MCMV by radius (same as Fig.1B), (B) most exposed domains are located around the centers of the pentamers and 
are colored in red, (C) loops contributing to the most exposed domains are in red and correspond to the residues 60-TTAD-63, 78-AGTPP-82, 199-KASAT-203, (D) structure 
match of MCMV (in color) with TBSV (PDB ID: 2TBV) (in gray) showing the spatial location of the five defined loops in MCMV. The loops B-BC loop, BD-BE loop, BF-BG loop 
and 6H-fI loop are located in the surface domain while the p’D-f’E loop corresponds to the location of the protruding domain in TBSV. The C-terminus of MCMV corresponds 


to the linking loop between the surface domain and protrusion domain in TBSV. 
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near the C-terminus of the subunit indicates a stronger interaction 
within one asymmetric unit in MCMV that might be important for 
stability of MCMV particles. The Asp116 residue from each subunit 
provides a negative charge in the centers of the pentamers and 
hexamers, which might serve to prevent leakage of the genomic 
RNA and to facilitate virus stability. Finally, the most exposed 
residues located in the loops 58-SATTAD-63, 198-PKASATQAV-206 
and 76-FPAGTPPRY-83 were analyzed and the potential functional 
sites related to MCMV transmission were discussed based on the 
comparison between the transmission determinants of other 
viruses. These structural results provide an important basis for 
the investigation of MCMV transmission and promote the control 
of the viral disease caused by MCMV. 


Materials and methods 
Isolation and purification of the MCMV virions 


Maize leaves infected with MCMV identified as the Yunnan 
isolate (Wang et al., 2014a) were used for the purification of virus 
particles. The sample was pre-cooled in liquid nitrogen and 
ground into a powder that was dissolved in 0.1M phosphate 
buffer containing 0.1 M calcium chloride (pH6). After removing the 
impurities by centrifugation (12,000 x g for 20min at 4°C), a 
mixture of equal volumes of chloroform and butanol was added 
to the supernatant and mixed for 20 min at room temperature 
until the stratification disappeared. Then, the mixture was cen- 
trifuged (12,000 x g for 20 min at 4 °C), resulting in the butanol 
phase containing virus particles in the upper layer and the 
chloroform phase in the lower layer. The virus particles were 
precipitated by ultracentrifugation (130,000 x g for 2h at 4°C) 
(Beckman, USA). The resulting precipitate was resuspended in 
0.01 M PBS containing 0.01 M CaCl, (pH6) and then centrifuged to 
remove the impurities (12,000 x g for 20 min at 4 °C). The result- 
ing virus sample was frozen at — 70 °C for further investigation. 


Cryo-EM sample preparation and data collection 


A 3.5 pl sample was applied to 400 mesh Quantifoil R1.2/1.3 
grids (Quantifoil, Germany) with freshly made thin continuous 
carbon film and flash-frozen in pre-cooled liquid ethane using 
Vitrobot IV at 100% humidity (FEI, USA). EM data were collected on 
an FEI Titan Krios electron microscope at 300 kV. Paralleled beam 
illumination was used and coma-free alignment was carefully 
performed to ensure beam coherence and minimize beam tilt. To 
ensure minimization of any astigmatism, it was corrected at the 
nominal magnification at both 155 K and 75 K; this procedure was 
performed once after changing to different squares of the grid. To 
ensure the sample had minimal drift, we performed visual 
inspections prior to every exposure. The visual inspection was 
conducted at the neighboring carbon area by using the “preview” 
together with “ live FFT” function of the Gatan CCD camera at the 
nominal magnification of 155 K (more than double of that used for 
data collection) in the “focus mode”, data were collected only 
when there was no drift in the visual inspection. The defocus 
values ranged from —1 to —3 um; most were in the —1 to 
—1.5 um range. The total dose used for each exposure was~20 
electrons/A. The images were recorded on a Gatan UltraScan4000 
(model 895) 16-megapixel CCD, and the final pixel size was 
1.196 A/pixel. 


Structure determination and refinement 


Particles were selected from the Cryo-EM images using the 
e2boxer.py program in EMAN2 (Tang et al., 2007) and the contrast 


transfer function parameters were determined by using ctfit in 
EMAN1.9 (Ludtke et al, 1999). The micrographs with obvious 
vibration or drift were discarded. Finally, the selected data were 
randomly separated to two independent groups, and JSPR was used 
to refine the center, orientation, defocus, astigmatism, magnification 
of each particle and to rebuild the final density map (Guo and Jiang, 
2014). These were sharpened by applying B-factor using the proc3d 
in EMAN1.9 (Ludtke et al., 1999). The resolution was assessed using 
the gold standard of the 0.143 FSC criterion (Scheres and Chen, 2012) 
and validated by the “True FSC” (Chen et al., 2013; Wang et al., 
2014b). The local resolution was also calculated using the two 
independent reconstructions from halves of the total particles by 
ResMap (Swint-Kruse and Brown, 2005). 


Comparative model building and model optimization 


A comparative model was built using Phyre2 (Kelley et al., 
2015). The sequence alignment of the two sequences was gener- 
ated from Clustal Omega (Sievers et al., 2011). The model was then 
fitted into the density map using the “fit into map” module in 
Chimera (Pettersen et al., 2004). More details can be found in 
Zhang et al. (2013). Further model optimization was done using 
Coot (Emsley, K. (2004)) and Phenix (Adams et al., 2010). Finally, 
the optimized model was validated in the Ramachandran plot 
(Kleywegt and Jones, 1996). 


Accession numbers 


Cryo-EM density map of MCMV has been deposited in the 
Electron Microscopy Data Bank with accession number EMD-6382. 
The Ca backbone of the asymmetric unit has been deposited in the 
Protein Data Bank under ID code 3JB8. 
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